Background: Air pollution has many negative health effects on the general population, especially children, subjects with underlying chronic disease and the elderly. The aims of this study were to evaluate the effects of traffic-related pollution on the exacerbation of asthma and development of respiratory infections in Italian children suffering from asthma or wheezing compared with healthy subjects and to estimate the association between incremental increases in principal pollutants and the incidence of respiratory symptoms. Methods: This prospective study enrolled 777 children aged 2 to 18 years (375 with recurrent wheezing or asthma and 402 healthy subjects). Over 12 months, parents filled out a daily clinical diary to report information about respiratory symptoms, type of medication used and healthcare utilization. Clinical data were combined with the results obtained using an air pollution monitoring system of the five most common pollutants. Results: Among the 329 children with recurrent wheezing or asthma and 364 healthy subjects who completed follow-up, children with recurrent wheezing or asthma reported significantly more days of fever (p = 0.005) and cough (p < 0.001), episodes of rhinitis (p = 0.04) and tracheitis (p = 0.01), asthma attacks (p < 0.001), episodes of pneumonia (p < 0.001) and hospitalizations (p = 0.02). In the wheezing/asthma cohort, living close to the street with a high traffic density was a risk factor for asthma exacerbations (odds ratio [OR] = 1.79; 95% confidence interval [CI], 1.13-2.84), whereas living near green areas was found to be protective (OR = 0.50; 95% CI, 0.31 -0.80). An increase of 10 μg/m 3 of particulates less than 10 microns in diameter (PM 10 ) and nitrogen dioxide (NO 2 ) increased the onset of pneumonia only in wheezing/asthmatic children (continuous rate ratio [RR] = 1.08, 95% CI: 1.00-1.17 for PM 10 ; continuous RR = 1.08, 95% CI: 1.01-1.17 for NO 2 ). Conclusions: There is a significant association between traffic-related pollution and the development of asthma exacerbations and respiratory infections in children born to atopic parents and in those suffering from recurrent wheezing or asthma. These findings suggest that environmental control may be crucial for respiratory health in children with underlying respiratory disease.
Background
Air pollution is a major public health threat, particularly in urban areas with high traffic [1] [2] [3] . Current scientific evidence has demonstrated a potential association between urban air pollutants and adverse health effects, particularly those that affect the respiratory and cardiovascular systems [4, 5] . Children, the elderly and subjects suffering from chronic disease are particularly vulnerable groups [6] [7] [8] . However, the vulnerability of children is unique, particularly very young children. First, because the lungs of a child are still growing and early exposure to environmental pollutants can easily alter lung development and function; second, children, particularly the preschoolers, are considerably more physically active than all categories of teenagers and adults [9] with longer periods of increased breathing rate that could lead to the deposition of large amounts of environmental pollutants in the respiratory tract; third, young children are predominantly oral breathers, which means that the nasal filter is by-passed, permitting the entry of a large number and variety of pollutants into the lower airways [3] .
In children, exposure to traffic-related pollutants has been linked to cough, wheezing, asthma and impaired lung function [3, [10] [11] [12] [13] [14] ; however, it remains unclear whether these effects occur in the whole pediatric population or only in children who are predisposed to or are already suffering from recurrent or chronic respiratory disease. Moreover, it is not clear whether exposure to air pollution influences the risk of more frequent and/or more severe respiratory infections in the pediatric population [15, 16] . To investigate the questions, the objective of the present study was to evaluate the effect of trafficrelated pollution on the development of asthma exacerbations and respiratory infections in a population of Italian children with a history of recurrent wheezing or asthma compared to healthy controls. We also estimated the association between incremental increases in principal pollutants and the incidence of respiratory symptoms over a 12-month period in both study groups.
Methods
In this prospective study, 777 children aged 2 to 18 years from the Pediatric Clinic of the Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico in Milan, Italy, were enrolled in the study between November and December 2011. The study protocol was approved by the Ethics Committee of the Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico, and the study was conducted in accordance with the standards of Good Clinical Practice. Written informed consent was obtained from the parents or legal guardians of each enrolled child, and written assent was obtained from children older than 7 years.
The study was based on two cohorts of children. The first cohort included 375 children followed at the Respiratory Disease Section of the Pediatric Clinic and was represented by all of those with a history of recurrent wheezing or asthma for whom personal and/or parents' assent to participate to the study was obtained. Eligibility for recruitment was based on the occurrence in the medical history of at least three pediatrician-diagnosed lower respiratory tract illnesses with wheezing in a 6month period or pediatrician-diagnosed asthma. Asthma was defined as the presence of episodes of cough, breathlessness or dyspnea together with demonstration of airflow variability (i.e., an increase in the forced expiratory volume in one second of 12% following inhalation of 400 μg salbutamol) [17] . The second cohort comprised 402 healthy children born at term. with no history of chronic underlying disease and with no history of wheezing/asthma, negative for the presence of lower respiratory tract disease at baseline, who were randomly selected and enrolled in the study during the same period among those who attended the Outpatient Clinic for minor surgery procedures.
At the time of recruitment, parents of the children in both cohorts received information orally regarding the purposes of the project and the family commitments. After signing the informed consent form, standardized, self-administered questionnaires, completed by the parents, were used to collect information about the characteristics of the family (i.e., parental education, parental smoking, family history of atopy), clinical data regarding the child (including characteristics at birth, neonatal respiratory or cardiac diseases, duration of breastfeeding, previous hospitalizations) and the characteristics of the home environment (i.e., home type and size, location and characteristics, proximity to green areas, polluted areas or high traffic roads, exposure to passive smoke). Residence in a "green area" was defined as a home within 300 m of a park. On the contrary, home sited in polluted areas or areas with high traffic were considered those homes not sited in a residential area or far no more than 500 m from a factory, a highway or an urban expressway. The questionnaire that required 10 minutes to complete was conceived by the first author (SE) in collaboration with the co-authors (CG and MFP) and pilot tested on a sample of 20 children.
The parents completed a daily clinical diary over a period of 12 months beginning in January 2012, reporting information about the type and frequency of respiratory diseases, types of medications used and healthcare utilization. Diagnosis of asthma attack was made when, in a subjects without respiratory symptoms, cough, breathlessness or dyspnea together with pediatrician-documented airflow variability suddenly occurred. To avoid recall bias, the compliance of each family was checked weekly via a telephone call. A clinical follow-up was performed approximately every two months for the whole study population.
Clinical data were combined with information collected from the air pollution monitoring system. Daily information on the concentrations of the two most common pollutants (nitrogen dioxide [NO 2 ] and particulates less than 10 microns in diameter [PM 10 ]) in the municipalities of Lombardy were obtained from the air quality monitoring stations managed by the Regional Environmental Protection Agency (REPA) of Lombardia (located in different points of the city of Milan and its hinterland). The number of stations for monitoring air pollutants were eight for Milan and seven for the hinterland. The methods and technologies used to measure air concentrations were those designated at national and international level. In particular, for particulate matter, PM10 were currently obtained using beta-ray attenuation monitors and corrected TEOM (Tapered Element Oscillating Microbalance). The REPA determined correction factors for particulate matter levels based on gravimetric and TEOM measure comparison. The parallel geometric instruments were placed in different sites and for different period during the year; the correction factors have been verified retrospectively and subsequently applied [18] . A modeling system was applied by REPA to compute the spatial distribution of air pollutants [19] , and in our analyses we used data on air pollutants at a municipalitylevel. A selection of meteorological parameters, including temperature (daily average, minimum and maximum), relative humidity, precipitation and wind speed were also collected for adjustment. There were no day missing from the air pollution data during the study.
Comparisons between children with wheezing or asthma and healthy children were performed by contingency table analysis with the χ 2 test for categorical variables or Wilcoxon's rank-sum test (for data that were not normally distributed based on the Shapiro-Wilk test) for continuous variables. Odds ratios (OR) and 95% confidence intervals (CI) were calculated to measure the association between various indices of air pollution exposure and the occurrence of asthma in the group of children with wheezing/ asthma. The ORs were computed using unconditional multiple logistic regression models that included terms for age, sex, number of siblings, parental education and presence of smokers at home. The association between air pollutants and episodes of lower respiratory tract infections was quantified using multivariate regression models based on the generalized estimating equations [19] to adjust for within-subject correlations due to repeated measurements in the responses. We fitted the generalized longitudinal models using the logit link and binomial errors with the GENMOD procedure in SAS.
The levels of air pollutant exposure were calculated as 3-day means (lag 0-2) of the daily weighted average PM 10 and the maximum daily NO 2 level in each subject's municipality of residence. These levels were introduced in the models either as categorical variables (i.e., categories were defined a priori, for PM 10 on the basis of air quality standards defined by the European Commission, that established a 24-hour average health based maximum level of 50 μg/m 3 ; and for NO 2 on the basis of tertiles of exposure) or continuous variables (i.e., results represent the increase or decrease in risk corresponding to an increment of 10 μg/m 3 in the level of the pollutant considered). Other time-dependent covariates that were included in the multivariate analyses were temperature (3-day means), relative humidity (3-day means), day of the week, and season. Invariant covariates were sex, age at enrolment, parental education, number of siblings at enrollment and presence of smokers at home.
We computed the ORs and corresponding 95% CI for the recurrent wheezing/asthma and healthy subjects adjusting for the above variables. Because the probability of a lower respiratory tract infection was low for a given child on a given day of the study period, the OR represents a satisfactory approximation of the rate ratio (RR).
All the analyses were two-tailed, and p ≤ 0.05 was considered statistically significant. All of the analyses were conducted using SAS version 9.2 (Cary, NC, USA).
Results
Of the 777 children who were initially recruited for the study, 84 (10.8%) were excluded from the statistical analysis due to incomplete or unavailable respiratory outcome information during the follow-up period. Consequently, 329 children with recurrent wheezing or asthma and 364 healthy subjects (with information available for at least 9 months of follow-up) were included in the study. The participants of each group excluded from the study did not differ from the included children of the same group with respect to baseline characteristics.
The sociodemographic and clinical characteristics of the participants are shown in Table 1 . At baseline, the two cohorts were comparable regarding age distribution, maternal smoking during pregnancy, birth weight, duration of breastfeeding, living in proximity to a street with heavy traffic, presence of a stove/fireplace at home, and presence of pets at home. Male sex (p < 0.001), lower parental education (p < 0.001), paternal smoking during pregnancy (p < 0.001), parental history of atopy (p < 0.001), prematurity (p < 0.001), neonatal respiratory disease (p < 0.001), neonatal cardiac disease (p = 0.01), previous hospitalization for respiratory disease (p < 0.001), living in a house or villa (p = 0.004), small home size (p = 0.008), proximity to a factory (p < 0.001), residence in green areas (p = 0.046), smokers at home (p = 0.004) and absence of an air conditioning system at home (p = 0.007), were significantly more frequent in the recurrent wheezing/asthma group than in healthy children.
The occurrence of respiratory symptoms in both cohorts during the follow-up period is shown in Table 2 . In comparison with healthy children, children with recurrent wheezing or asthma reported significantly more days of fever (p = 0.005) and cough (p < 0.001), episodes of rhinitis (p = 0.04) and tracheitis (p = 0.01), asthma attacks (p < 0.001), episodes of pneumonia (p < 0.001) and hospitalizations (p = 0.02). Children with recurrent wheezing/asthma and healthy children reported a similar number of episodes of rhinosinusitis, pharyngitis, acute otitis media and laryngitis. Table 3 summarizes the indices of exposure to air pollutants and the incidence of asthmatic episodes during follow-up in the recurrent wheezing/asthma cohort. Living close to a street with a high density of traffic was a risk factor for asthma exacerbations (OR = 1.79; 95% CI, 1.13-2.84), whereas living near green areas was protective (OR = 0.50; 95% CI, 0.31 -0.80). Table 4 summarizes the multivariate RRs and 95% CIs for pneumonia events in the study population according to the levels of air pollutants. In the recurrent wheezing/ asthmatic children, an increase of 10 μg/m 3 of PM 10 and NO 2 increased the incidence of pneumonia (continuous RR = 1.08, 95% CI: 1.00-1.17 for PM 10 ; continuous RR = 1.08, 95% CI: 1.01-1.17 for NO 2 ).
Discussion
The results of the present study demonstrate that exposure to traffic-related air pollution is associated with an increased risk of respiratory morbidity in children with pre-exisiting asthma or lower respiratory tract disease with wheezing. Our findings are consistent with the results of a recent prospective study in Sweden in which 4,089 children followed from birth to the age of 12 years showed a positive association between exposure to air pollution (PM 10 and NO 2 ) during early years of life and asthma exacerbations [20] . Additionally, the association between exposure to particulates and persistent wheezing during infancy was confirmed in the Cincinnati birth cohort study of more than 700 infants born to atopic parents [21] . Furthermore, a cross-sectional study conducted in China of more than 3,000 schoolchildren documented that long-term exposure to high air pollution concentrations was associated with reduction in lung function and that asthmatic children were more susceptible to this effect [22] .
The finding that episodes of bronchial obstruction related to air pollution due to traffic occurs almost exclusively in children born to atopic parents or in children who have been previously diagnosed with wheezing or asthma could be clinically relevant because it could permit the early identification of subjects living in areas with traffic-related air pollution who have an increased risk for the development of respiratory problems later in life. However, this conclusion should be considered with caution for several reasons. Most of the data that lead to this conclusion, such as those regarding home environment and the risk of pollution exposure, were reported by the parents and, consequently, had debatable reliability. Moreover, to be born to atopic parents does not mean that a child is himself atopic and that has an increased risk of development of bronchial hyperresponsiveness. The analysis of the characteristics of the enrolled children revealed that the two groups of subjects were substantially different from a socio-economic point of view. The asthma cohort had parents with lower level of education and lived in less elaborate homes because smaller and more frequently not air conditioned. A number of studies has reported that socio-economic status could condition response to air pollution with the adverse effects greater in individuals in lower social classes [23] [24] [25] . Consequently, it is possible that, at least in part, the results of this study could be due to the difference in socio-economic status of patients in comparison to healthy controls. Moreover, the period of study was relatively short and it cannot be excluded that a longer study duration could have led to different results.. It has been reported that children with long-term exposure to traffic-related air pollution can develop respiratory disease after several years [10] [11] [12] [13] [14] . Consequently, some of the healthy children included in the present study, particularly the youngest, could have developed bronchial obstruction after the study was concluded. Moreover, the genetic characteristics of the enrolled children, which differ from those that lead to atopy and were not considered in this study, could have reduced or increased susceptibility of the children to wheezing or asthma independently of traffic-related pollutants. The close relationship between genetic variants and increased susceptibility to bronchial obstruction has been repeatedly reported [26, 27] .
In the present study, the risk of developing wheezing or asthma was strictly related to the degree of exposure to traffic-related air pollutants, with fewer incidences occurring in children living in a green area compared with those living in areas with the highest degree of air pollution. This finding is consistent with the results of several studies showing greater evidence of an association between traffic-related air pollutants and respiratory problems in children living near roads with heavy traffic with a higher incidence of exacerbations with increasing concentrations of pollutants [28, 29] .
In this study a close association between paternal smoking during pregnancy, prematurity, respiratory and cardiac diseases at birth with recurrent wheezing or asthma was found, in agreement with previous reports [30, 31] . We did not find any significant differences between the two groups with respect to the duration of breastfeeding, in contrast to the results of some studies showing a protective role of human milk in the development of asthma [32, 33] and consistent with research that failed to demonstrate any long-term protection [34, 35] . In our study, children with recurrent wheezing or asthma had greater exposure than healthy controls to passive smoke in their homes. It is surprising and unfortunate that despite the well-known negative effects of RRs and 95% CIs were obtained from multivariate repeated-measures analyses adjusted for age, sex, education of parents, presence of smokers at home, season, day of week, temperature and relative humidity; b the mean of three days (day −2 to day 0) for the daily weighted average PM 10 in the municipality of residence of each subject; c the mean of three days (day −2 to day 0) of the maximum daily level of NO 2 in the municipality of residence of each subject. passive smoke on recurrent or chronic respiratory disease [3] , children with recurrent wheezing or asthma continued to be exposed to this risk factor. We did not detect any differences between children with recurrent wheezing or asthma with respect to the presence of domestic pets, particularly cats and dogs. This result appeared to exclude an effect of pet ownership on respiratory symptoms and was consistent with some previous findings [36] . However, it has been reported that exposure to cats during the first year of life is an independent risk factor for wheezing and asthma at the age of 7 years [37] . In the present study, traffic-related pollutants appeared to play a relevant role in conditioning the incidence of respiratory infections. Children with atopy or recurrent wheezing or asthma presented more respiratory tract infections including pneumonia compared with control subjects. These findings are not surprising as patients with asthma are more susceptible to recurrent viral respiratory infections [38] . Allergic inflammation in the airways leads to an impaired barrier function that facilitates the penetration of infectious particulate allergens, favoring the development of inflammatory responses and impaired interferon responses to viral infection in asthmatic children irrespective of their atopic status [39, 40] . However, in the current study, in children with recurrent wheezing or asthma but not in healthy controls, pneumonia events appeared to be related to the concentrations of PM 10 and NO 2, clearly supporting the hypothesis that traffic-related air pollution increases the risk of respiratory infections. However, other studies have demonstrated an association between exposure to common air pollutants and susceptibility as well as severity of respiratory infections. In a recent meta-analysis, Dherani et al. documented that the risk of pneumonia nearly doubled in young children exposed to unprocessed solid fuels [41] . Gurley et al. showed that each hour of exposure to PM 2.5 concentrations exceeding 100 μg/m 3 was associated with a 7% increase in the incidence of acute lower respiratory infections among children aged 0-11 months [42] . Finally, a study conducted in 33,632 Italian children (aged 6-7 years) and adolescents showed that children living in polluted areas had a great risk of cough or phlegm, whereas traffic pollution was weakly associated with asthmatic symptoms [43] . To the best of our knowledge, the present study is the first to demonstrate that the effects of air pollution on the occurrence of respiratory tract infections are observed only in children with recurrent wheezing or asthma. This finding might be explained by an increase in pollution-induced airway inflammation, genetic susceptibility to oxidative stress and the role of epigenetics in lung damage induced by air pollutants [3] .
A further limitation of the present study is that children suffering from recurrent wheezing and asthma were considered in the same group. The former is not a homogeneous disease, and only a few phenotypes of wheezing can be considered as asthma before the school age [44] . Limiting the analysis to older children would permit a more reliable diagnosis of asthma but would exclude the younger age group in which exposure to air pollution is known to be associated with an increased risk of subsequent asthma onset. Moreover, respiratory diseases were assessed based on a parental questionnaire, which could have been influenced by a number of subjective issues. We tried to limit the bias in responses with weekly telephone calls by medical practitioners. A final limitation is that we focused on traffic pollution in the zone of residence but did not collect information about other outdoor exposures such as those near schools.
Conclusions
Our findings provide evidence that there is a significant association between air pollution associated with traffic and asthma exacerbations and respiratory infections in children born to atopic parents and in children suffering from recurrent wheezing or asthma. Although this association may also occur in healthy children, correlating with the duration and intensity of exposure, children with a pre-existing respiratory susceptibility seem to be more vulnerable to the adverse effects of air pollutants. Further studies are needed to confirm this finding and to evaluate whether other factors can contribute to this association.
